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Explosive astrophysical events at high red shift can be used to place severe
limits on the fractional variation in the speed of light (∆c/c), the photon
mass (mγ ), and the energy scale of quantum gravity (EQG ). I find ∆c/c <
6.3 × 10−21 based on the simultaneous arrival of a flare in GRB 930229 with
a rise time of 220 ± 30µs for photons of 30 keV and 200 keV. The limit on
mγ is 4.2 × 10−44 g for GRB 980703 from radio to gamma ray observations.
The limit on EQG is 8.3 × 1016 GeV for GRB 930131 from 30 keV to 80 MeV
photons.

The question of whether the speed of light varies with frequency is of fundamental and
current interest: 1) Einstein’s postulate of the invariance of light is the cornerstone of much
of modern physics, so tests of the correctness of this postulate should be pushed as far as
possible. 2) With the recent evidence from Super-Kamiokande that the neutrino likely has
a mass [1], the question of the mass of the photon should be re-examined. 3) Quantum
gravity models suggest [2] [3] that the speed of light has an effective energy dependence.
Classical textbooks [4] and review articles [5] report the status as of the middle 1970’s.
Laboratory and accelerator experiments were not able test for fractional variations in the
speed of light (∆c/c) to better than roughly 10−8 . The first limit that took advantage of
astronomical distances compared the arrival time of radio and optical emission from flare
stars to constrain ∆c/c < 10−6 [6]. Then B. Warner and R. Nather measured the phase
difference for pulses of the Crab Pulsar between optical wavelengths of 0.35 and 0.55 microns
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to be less than 10 microseconds [7]. At a distance of 2 kpc, this limits ∆c/c to be less than
5 × 10−17 .
Surprisingly, no further improvements on ∆c/c have been made on the Crab Pulsar limit,
and the topic has received little subsequent discussion in the literature. Indeed, the speed
of light has been defined to be a constant for purposes of metrology. In the meantime,
a key assumption for the Crab Pulsar limit has been severely undermined since five out
of six pulsars detected at high energy have pulse structures that vary strongly both in
shape and phase as a function of frequency [8]. Within the last year, several groups have
independently realized that Gamma Ray Bursts (GRBs) provide a means to look for delays
in light traversing extremely large distances. Amelino-Camelia et al. [2] set approximate
limits on the dispersion scale for quantum gravity, while Biller et al. [9] set stricter limits
by analysis of a short TeV flare seen in a nearby active galaxy (Mkn 421).
In this paper, I present new limits based on a variety of explosive events at high red shifts.
My original motivation was the discovery last year of a flare in a Gamma Ray Burst (GRB
930229) with a 220 ± 30µs rise time that occurs simultaneously from 30 to 200 keV [10], and
the realization that this constrains the dispersion of light to be less than a millisecond out
of a Hubble Time. However, the relevant limit depends on the assumed functional form for
the frequency dependence of ‘c’, so different events are the most restrictive in the various
cases.
In Table 1, I have gathered the data for the most restrictive events of various classes.
These include short duration GRBs, GRBs with GeV photons, GRBs with associated xray/optical/radio transients, high red shift Type Ia supernovae, the active galaxy Mkn 421,
and the Crab Pulsar. The first seven columns give the source name, the observed bands, the
observed maximum delay ∆t between the rise of the light curve at two different frequencies,
the reference for the observation, the low frequency, the high frequency, and the source
distance D. Cosmological distances were calculated from the look-back time as a function
of red shift for the most conservative reasonable case of H0 = 80km · s−1 Mpc−1 and Ω = 1.
Observed GRBs are known to have a relatively narrow luminosity function (as required
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by the fast turnover in the LogN-LogP relation [11]), limits on host galaxies forces the
peak luminosity to be much greater than 1058 photons · s−1 [12], and the three bursts with
measured red shifts all have luminosities > 4 × 1057 photons · s−1 [12]. So I have adopted a
peak luminosity of 1057 photons · s−1 as a conservative minimum for use in Fenimore’s peak
flux versus red shift relation [13].
All the events at cosmological distances are explosive, so presumably the light curves
of different wavelengths will start to rise simultaneously in the absence of dispersion. The
lack of flux or the lack of observations might produce an apparent delay not associated with
dispersion. Also, the explosive system might have an intrinsic delay in emission which could
counter any effects of dispersion. Nevertheless, I will assume that no conspiracies of delays
hides the effect of dispersion. The number of strict limits from widely disparate classes of
events argues that any such conspiracy is unlikely.
The frequency dependence of ‘c’ is not known, so no single number can represent the
limit on variations in the speed of light. The most model independent parameter is one with
no reference to the observed frequencies, ∆c/c. This limit on ∆c/c will be c · ∆t/D. For
a general dispersion relation like V = c(1 + Aν −2 )0.5 with V as the velocity of light with
frequency ν and both c and A as constants [4] [14], the limit on A is (2·c·∆t/D)·(ν2−2 −ν1−2 )−1
for observations at frequencies ν1 and ν2 . This dispersion can be related to the photon mass
as mγ = A0.5 h/c2 . For quantum gravity models [2], the characteristic energy EQG is greater
than h · (ν2 − ν1 ) · D/(c · ∆t). The limits on ∆c/c, mγ , and EQG for each event are presented
in columns 8-10 of Table 1.
The limits in Table 1 are many orders of magnitude past those from the Crab Pulsar.
The strictest limit on ∆c/c is 6.3 × 10−21 for GRB 930229, with second place at 1.4 × 10−20
for GRB 910711. The two lowest limits on the photon mass are 4.2 ×10−44 g and 1.5 ×10−43g
for GRB 980703 and GRB 970508, both from radio to gamma ray constraints for bursts with
measured red shifts. The tightest limit on EQG is 8.3 × 1016 GeV for GRB 930131 followed
closely by 6.0 × 1016 GeV for Mkn 421.
The new limit on ∆c/c is close to 104 times better than the Crab Pulsar limit, and it
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is comforting to know that Einstein’s postulate is vindicated to this level. The limit on the
photon mass is 104 times worse than that obtained by considering the Earth’s magnetic field
[15], however this result uses virtual photons with ν = 0 so an independent method is still
of interest [14]. The limits on EQG are not yet close to the expected ∼ 1019 GeV [2] [9].
Significant improvements in limits on ∆c/c are unlikely since it we are already dealing
with delays of under a millisecond out of a Hubble time. Limits on the photon mass can
be improved by several orders of magnitude with radio detection of prompt emission from
GRBs (as with the FLIRT telescope [16] ) or with radio studies of millisecond pulsars. The
detection of ∼ 100 GeV photons near the start of a GRB of moderate brightness is possible
with the GLAST satellite mission [17], and this would test the expected quantum gravity
threshold.
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TABLE I. Limits on ∆c/c, mγ , and EQG from explosive events at high redshift.
EVENT

Bands

∆t

Ref.

ν1 (Hz)

GRB 930229

γ−γ

0.5 ms

[10] 7.2 × 1018 4.8 × 1019

791

6.3 × 10−21 6.1 × 10−39

2.7 × 1016

GRB 910711

γ−γ

2 ms

[18] 7.2 × 1018 1.2 × 1020

1413

1.4 × 10−20 9.0 × 10−39

3.3 × 1016

GRB 910625

γ−γ

4 ms

···

7.2 × 1018 1.2 × 1020

1344

3.0 × 10−20 1.3 × 10−38

1.6 × 1016

GRB 910607

γ−γ

8 ms

···

7.2 × 1018 1.2 × 1020

1677

4.8 × 10−20 1.7 × 10−38

9.9 × 1015

GRB 930131

γ − GeV

25 ms

[19] 7.2 × 1018 1.9 × 1022

260

9.6 × 10−19 7.4 × 10−38

8.3 × 1016

GRB 930131

γ − GeV

0.5 s

[19] 7.2 × 1018 1.1 × 1023

260

1.9 × 10−17 3.3 × 10−37

2.4 × 1016

GRB 940217

γ − GeV

4800 s

[20] 7.2 × 1018 4.3 × 1024

385

1.2 × 10−13 2.7 × 10−35

1.4 × 1014

GRB 970508

X −γ

5.6 hrs

[21] 2.4 × 1017 1.2 × 1020

1493

1.4 × 10−13 9.2 × 10−37

3.7 × 109

GRB 970508

U −γ

4.4 hrs

[22] 8.2 × 1014 1.2 × 1020

1493

1.1 × 10−13 2.8 × 10−39

4.7 × 109

GRB 970508

Radio − γ

121 hrs

[23]

1.2 × 1020

1493

2.9 × 10−12 1.5 × 10−43

1.7 × 108

GRB 980703

X −γ

22 hrs

[24] 2.4 × 1017 1.2 × 1020

1592

5.0 × 10−13 1.8 × 10−36

1.0 × 109

GRB 980703

I−γ

21 hrs

[25] 3.3 × 1014 1.2 × 1020

1592

4.8 × 10−13 2.4 × 10−39

1.0 × 109

GRB 980703

Radio − γ

29 hrs

[26]

1.2 × 1020

1592

6.6 × 10−13 4.2 × 10−44

7.6 × 108

SN 1997ap

I −R

240 hrs

[27] 3.3 × 1014 4.3 × 1014

1489

5.8 × 10−12 1.3 × 10−38

6.8 × 101

SN 1994G

I −R

72 hrs

[28] 3.3 × 1014 4.3 × 1014

1029

2.5 × 10−12 8.8 × 10−28

1.6 × 102

Mkn 421

T eV − T eV

280s

[9]

1.2 × 1026 4.8 × 1026

112

2.5 × 10−14 2.1 × 10−28

6.0 × 1016

Crab

V −U

0.01ms

[7]

5.5 × 1014 8.2 × 1014

0.002

5.0 × 10−17 5.4 × 10−41

2.3 × 107

8.6 × 109

5.0 × 109

ν2 (Hz)

6

D (Mpc)

∆c/c

mγ (g)

EQG (GeV)

